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Abstract 



Excessive oxidative stress in pancreatic p cells, caused by glucose and fatty acids, is associated with the pathogenesis of type 
2 diabetes. Mogrosides have shown antioxidant and antidiabetic activities in animal models of diabetes, but the underlying 
mechanisms remain unclear. This study evaluated the antioxidant effect of mogrosides on insulinoma cells under oxidative 
stress caused by palmitic acid, and investigated the underlying molecular mechanisms. Mouse insulinoma NIT-1 cells were 
cultured in medium containing 0.75 mM palmitic acid, mimicking oxidative stress. The effects of 1 mM mogrosides were 
determined with the dichlorodihydrofluorescein diacetate assay for intracellular reactive oxygen species (ROS) and FITC- 
Annexin V/PI assay for cell apoptosis. Expression of glucose transporter-2 (GLUT2) and pyruvate kinase was determined by 
semi-quantitative reverse-transcription polymerase chain reaction. Palmitic acid significantly increased intracellular ROS 
concentration 2-fold (P<0.05), and decreased expression of GLUT2 (by 60%, P<0.05) and pyruvate kinase (by 80%, P<0.05) 
mRNAs in NIT-1 cells. Compared with palmitic acid, co-treatment with 1 mM mogrosides for 48 h significantly reduced 
intracellular ROS concentration and restored mRNA expression levels of GLUT2 and pyruvate kinase. However, mogrosides 
did not reverse palmitic acid-induced apoptosis in NIT-1 cells. Our results indicate that mogrosides might exert their antioxidant 
effect by reducing intracellular ROS and regulating expression of genes involved in glucose metabolism. Further research is 
needed to achieve a better understanding of the signaling pathway involved in the antioxidant effect of mogrosides. 
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Introduction 



Mogrosides, extracted from Siraitia grosvenorii 
(Swingle) C. Jeffrey, belong to a common family of 
glycosides, and consist of a common triterpenoid aglu- 
cone (mogrol) and a number of glucose residues (1). 
Orally administered mogrosides exhibit antioxidant and 
blood glucose controlling activities in the animal model of 
diabetes (2). In vitro experiments using insulin-secreting 
cells have shown that mogrosides increased insulin 
secretion (3). Those studies indicate that mogrosides 
might act directly on pancreatic p cells to exert an 
antidiabetic function. However, the underlying molecular 
mechanism of their antidiabetic effect is unclear. 

Recently, damage to pancreatic p cells caused by 
oxidative stress has been reported to be associated with 
the pathogenesis of clinical type 2 diabetes (4). Pancreatic 
P cells have a low antioxidant content, and therefore are 
vulnerable to oxidative stress (5), which can result in 
antioxidant exhaustion caused by abnormally high levels of 
reactive oxygen species (ROS), e.g., byproducts of excess 



lipid metabolism. Serum lipid concentrations are higher in 
patients with metabolic syndrome, a well-established 
precursor of clinical type 2 diabetes. 

Activation of the transcription factor forkhead protein 01 
(FOXOI) is one of the key steps in oxidative stress-related 
damage to pancreatic p cells (6). Oxidative stress drives 
activated FOX01 to enter the cell nucleus, suppressing 
expression of genes involved in glucose metabolism, such 
as glucose transporter-2 (GLUT2) and pyruvate kinase (7). 
Through this process, pancreatic p cells might reduce ROS 
production from oxidative phosphorylation and protect 
themselves from abnormally high glucose and lipid con- 
centrations. If this self-protecting mechanism fails to 
maintain cellular ROS concentrations within endurable 
levels, p cells will die from oxidative stress-related damage. 

Damage to p cells caused by oxidative stress is one of 
the hypotheses used to explain the progression of 
metabolic syndrome to clinical type 2 diabetes, and 
emphasizes the importance of maintaining normal levels 
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of blood glucose and lipids in clinical practice. It also 
provides a novel strategy for the development of 
antidiabetic drugs. By reducing intracellular ROS, exo- 
genous antioxidants might protect p cells from oxidative 
stress damage and restore normal insulin secretion 
function, thus delaying the progression of type 2 diabetes. 
Molecules with antioxidant activity, such as a-tocopherol 
(8), flavonoids from Ginkgo biloba L. (9), and mogrosides 

(10) , have shown efficacy in controlling blood glucose 
levels in animal models of diabetes. 

In this study, we used NIT-1 cells as a pancreatic p cell 
model to investigate the effect of mogrosides on ROS 
scavenging and their ability to protect normal pancreatic p 
cell function against damage caused by palmitic acid. 

Material and Methods 

Culture of mouse insulinoma NIT-1 cells 

Mouse insulinoma NIT-1 cells (kindly provided by 
professor Leping Feng, Guilin Medical College, China) 
were cultured in low-glucose DMEM medium (with 
5.56 mM glucose; Hyclone, China) supplemented with 
10% fetal bovine serum (Hyclone) and 1% penicillin- 
streptomycin mixed solution (Beyotime, China). For the 
following experiments, NIT-1 cells were seeded onto 6- 
well plates at a density of 5 x 10 6 cells per well. 

Treatment with palmitic acid and mogrosides 

To investigate the effect of mogrosides, NIT-1 cells 
seeded on 6-well plates with medium containing 9.375 g/L 
bovine serum albumin (AMRESCO, China) were divided 
into four groups: 1) The blank control group was treated 
with culture medium only, and 2) the palmitic acid group 
was treated with 0.75 mM palmitic acid (analytical purity; 
Sinopharm Chemical Reagent Co., Ltd., China) in the 
form of sodium palmitate prepared as previously reported 

(11) . 3) The mogroside control group was treated with 
1 mM purified mogrosides (provided as a mixture contain- 
ing 50% mogroside V, Layn Natural Ingredients 
Corporation, China). 4) The mogroside + palmitic acid 
group was treated with 1 mM mogrosides in the presence 
of 0.75 mM palmitic acid. Preliminary viability and 
cytotoxicity tests of 0.5, 0.75, 1.0, 2.0, and 4.0 mM 
mogrosides and a previous study (3) had indicated that 
mogrosides at concentrations above 1 mM significantly 
impaired growth and induced death of NIT-1 cells. 

NIT-1 cells were maintained in low-glucose DMEM 
(5.56 mM glucose) for passaging. For treatments, high- 
glucose DMEM (25 mM glucose) was used for cell culture. 
Cells were incubated in the treatment conditions described 
above for 48 h, then collected for further experiments. 

Dichlorodihydrofluorescein diacetate (DCFH-DA) 
assay for intracellular ROS concentration 

To measure the intracellular ROS concentration, NIT- 
1 cells from each group were washed with serum-free 



high-glucose DMEM, incubated with 1 |iM DCFH-DA 
solution (Beyotime, diluted with high-glucose DMEM) in 
the dark for 15 min, separately collected in individual 
sample tubes using 0.5% trypsin-EDTA solution (Gibco, 
USA), and washed twice using Hanks' balanced salt 
solution (HBSS, Gibco). Cells were then suspended in 
HBSS and the DCF fluorescence was assayed with the 
FACSAria III flow cytometer (Becton Dickinson, USA). 

FITC-Annexin V/propidium iodide (PI) apoptosis 
assay 

Pancreatic p cells from each group were individually 
collected in sample tubes using 0.5% trypsin-EDTA 
solution and suspended in HBSS. About 5x10 4 cells 
from each sample were stained using an FITC-Annexin 
V/PI apoptosis staining kit (Beyotime). FITC fluorescence 
intensity was assayed with a FACSAria III flow cytometer. 
Calculation of the apoptosis rate was carried out by 
comparison with positive threshold levels of FITC fluor- 
escence determined in our preliminary experiments. 

Semi-quantitative reverse-transcription PCR for 
expression levels of GLUT2 and pyruvate kinase 
coding genes 

The total RNA of NIT-1 cells was extracted using an 
Ultrapure RNA Kit (CoWin Biotech Beijing, China) and 
reverse-transcribed into cDNA segments using a HiFi- 
MMLV cDNA Kit (CoWin). Each reaction system con- 
tained 500 ng of total RNA. cDNA of GLUT2 and pyruvate 
kinase were analyzed using semi-quantitative PCR with 
Es Taq Mastermix (CoWin) and analyzed by 2% agarose 
gel electrophoresis and fluorescence gel image analysis 
using JS-780 Automatic Gel Imager (Shanghai Peiqing 
Science & Technology, China). The primers for GLUT2 
and pyruvate kinase are shown in Table 1. Relative gene 
expression levels were calculated from the ratio of the 
integrated optical density of the target to the reference 
gene. 

Data analysis 

Data are reported as means ±SD. Data were ana- 
lyzed using one-way ANOVA followed by a least 
significant difference post hoc test for comparisons 
among multiple groups. The significance level was set 
at P<0.05. 

Results 

Mogrosides significantly decreased intracellular ROS 
of NIT-1 cells 

DCF fluorescence intensities were used to compare 
the intracellular ROS levels of NIT-1 cells among the 
study groups (Figure 1). Compared to the blank control, 
treatment with 1 mM mogrosides significantly reduced 
intracellular ROS concentration (P<0.05), while palmitic 
acid treatment increased the ROS level 2.5-fold (P<0.05). 
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Target gene Forward primer (5'-3') Reverse primer (5'-3') 



Pyruvate kinase-coding gene pklr GAACTTGCCAAATGCCGA CACGCCTTCATGGTTCTCG 

(GenBank: NM_001 099779.1) 

GLUT2-coding gene slc2a2 TCAGAAGACAAGATCACCG ATAGTTAATGGCAGCTTTCCG 

(GenBank: NM_031 197.2) 

Glyceraldehyde phosphate dehydrogenase- AGCCTCGTCCCGTAGACA CACCAGTAGACTCCACGACA 

coding gene gapdh (GenBank: NM_008084.2) 



In the mogrosides + palmitic acid group, the presence of 
1 mM mogrosides reversed the palmitic acid-induced 
increase of intracellular ROS (P<0.05), although the 
ROS level was nevertheless significantly higher than that 
of the blank control group. 

Gene expressions of pyruvate kinase and GLUT2 

Compared with the blank control, mogrosides treat- 
ment showed no effect on the expression of the pyruvate 
kinase coding gene pklr, while palmitic acid significantly 
reduced expression of pMr(P<0.05; Figure 2A) and of the 
GLUT2 encoding gene slc2a2 in NIT-1 cells (P<0.05; 
Figure 2B). These results suggested that palmitic acid 
might impair glucose metabolism of pancreatic p cells by 
down-regulating gene expression of pklr and slc2a2. In 
the presence of palmitic acid, mogrosides significantly 
restored gene expression of pyruvate kinase (P<0.05; 
Figure 2A) and GLUT2 (P<0.05; Figure 2B) compared 
with the expression observed in the palmitic acid group, 
suggesting that mogrosides could reverse the palmitic 
acid-induced damage by regulating levels of genes 
involved in glucose metabolism. 




Blank Control Mogrosides Palmitic Acid Mogrosides 
Control +Palmitic Acid 



Figure 1. Comparison of intracellular reactive oxygen species 
(ROS) concentrations, shown as DCF fluorescence level, in 
different groups. Data are reported as means ±SD for n = 3. 
*P<0.05, compared to the blank control group; + P<0.05, 
compared to the palmitic acid group (one-way ANOVA). 



Analysis of apoptosis in the NIT-1 cells 

Compared with the blank control, mogrosides showed 
no effect on the apoptosis of NIT-1 cells, while palmitic 
acid significantly increased apoptosis of NIT-1 cells 
(P<0.05; Figure 3). Palmitic acid-induced toxicity in 
pancreatic (3 cells might be caused by increased 
intracellular ROS level in NIT-1 cells. However, in the 
presence of palmitic acid, mogrosides did not reverse 
apoptosis of NIT-1 cells (P = 0.666; Figure 3), even 
though mogrosides decreased intracellular ROS levels. 
Extra glucose produced by mogroside hydrolysis might 
contribute to the increased apoptosis of NIT-1 cells. 

Discussion 

Using an in vitro model to study oxidative stress and 
pancreatic p cell damage caused by fatty acids 

Animal insulinoma cell lines, including NIT-1 cells of 
mouse origin, are often used as in vitro models to study 
the functions of pancreatic p cells. NIT-1 cells adapt to a 
wide range of glucose concentrations. It has been 
reported that NIT-1 cells have high insulin secretion when 
cultured in RPMI-1640 medium containing 11.6 mM 
glucose (12). In contrast, our previous experiment showed 
that NIT-1 cells cultured for 48 h in low-glucose DMEM 
(5.56 mM glucose), standard RPMI-1640 (11.6 mM glu- 
cose) and high-glucose DMEM (25 mM glucose) did not 
differ in insulin secretion. This might indicate that NIT-1 
cells cultured in the standard RPMI-1640 medium for a 
long time lose their sensitivity to glucose, as increased 
glucose levels did not induce an increase in insulin 
secretion (13). Therefore, in this study NIT-1 cells were 
passaged in low-glucose DMEM to maintain their sensi- 
tivity to glucose. 

Above-normal concentrations of both intracellular 
glucose and fat could induce glucolipotoxicity in pancrea- 
tic p cells (14), causing more severe damage than excess 
glucose or fat alone. A high glucose culture environment 
mimics abnormally high serum glucose levels in people 
with impaired glucose tolerance. Compared with the NIT-1 
cells cultured in 5.56 mM glucose, cells cultured in 25 mM 
glucose showed decreased gene expression of GLUT2. 
As expected, cells cultured in a high glucose environment 
displayed glucolipotoxicity in response to palmitic acid 
stimulation. 
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gapc//5 315bp 30 0bp 
p/(/r205bp 200 bp 




D 





Blank Control Mogrosides Palmitic Acid Mog resides 
Control +PalmiticAcid 



Blank Control Mogrosides Palmitic Acid Mogrosides 
Control +PalmiticAcid 



Figure 2. Electrophoresis and quantitative results of RT-PCR-amplified products on 2% agarose gel, stained with ethidium bromide and 
comparison of relative expression level of pyruvate kinase coding gene, pklr(A,C), and glucose tranporter-2-coding gene, slc2a2 (S,D), 
in each group, gapdh: glyceraldehyde phosphate dehydrogenase-coding gene. Data are reported as means ± SD for n = 3 per group. 
*P<0.05, compared to the blank control group; + P<0.05, compared to the palmitic acid group (one-way ANOVA). 



Palmitic acid and oxidative stress-caused damage 
in NIT-1 cells 

Palmitic acid is involved in various metabolic pathways 
in pancreatic p cells. A high level of palmitic acid in the 
environment allows it to cross the cellular membrane and 



20 - 




Blank Control Mogrosides Palmitic Acid Mogrosides 

Control +Palmitic Acid 



Figure 3. Comparison of apoptosis rates of NIT-1 cells in 
different groups. Data are reported as the means ±SD of 
percentages for n = 3 per group. *P<0.05, compared to the 
blank control group (one-way ANOVA). 



enter mitochondria where it undergoes oxidative reac- 
tions. Clearance of palmitic acid is largely dependent on 
metabolic reactions in which beta oxidation and oxidative 
phosphorylation produce enormous amounts of ROS and 
exhaust the supply of antioxidants in pancreatic p cells. In 
pancreatic p cells, fatty acid- or glucose-induced oxidative 
stress activates the c-Jun NH 2 -terminal kinase (JNK) 
signal transduction pathway and translocates an impor- 
tant transcription factor, FOXOI, into the cell nucleus (6). 
Activation of FOX01 drives pancreatic and duodenal 
homeobox 1 protein (PDX1), a transcription factor 
initiating development and maturation of pancreatic p 
cells, out of the nucleus and decreases expression of 
genes encoding key enzymes for glucose and fatty acid 
metabolism (7), resulting in decreased ROS production 
and oxidative stress. This might be a self-protective 
mechanism of pancreatic p cells against a hostile 
environment containing excessive glucose and free fatty 
acids (14). In this study, we observed that palmitic acid 
treatment reduced genes of GLUT2 and pyruvate kinase 
by 50% in NIT-1 cells, further supporting this self- 
protective mechanism. This also suggests that FOX01 
activation might be involved in palmitic acid-induced 
oxidative stress and mediate down-regulation of enzymes 
involved in glucose metabolism. 

The energy-producing oxidation reaction is important 
for the "glucose-sensing" mechanism in pancreatic p cells 
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(15). It has been shown that palmitic acid-induced FOX01 
activation resulted in a decrease of key enzymes and 
transporters of glucose metabolism that impairs the 
glucose-induced insulin secretion (GSIS) function of 
pancreatic p cells. In human studies, a single-dose 
infusion of palmitic acid significantly impaired the basal 
insulin secretion and GSIS function in healthy, obese 
subjects (16), implying that a similar mechanism might 
contribute to human chronic lipid metabolism disorders. 
As oxidative stress progresses, pancreatic p cells slowly 
die, and proliferation of new pancreatic p cells is inhibited 
by FOX01 activation (17), causing absolute insulin 
deficiency. 

Possible mechanism of the protective effect of 
mogrosides on pancreatic fi cells 

Mogroside V has a molecular weight of 1287 Da and 
consists of a single mogrol and five glucose residues. An 
important question related to the protective effect of 
mogrosides is how these large molecules pass through 
the plasma membrane. In an animal pharmacokinetic 
study (18), mogrol and mogroside I were detected in the 
plasma after oral administration of a mogrosides mixture, 
suggesting that mogrosides might be digested by glyco- 
sidase on the surface of intestinal epithelium cells and 
transported into the blood stream passively. We, there- 
fore, hypothesized that the active molecular structure of 
mogrosides might be mogrol, which is the main form of 
absorbed mogroside metabolites in animal models. As we 
did not directly identify the intracellular metabolites of 
mogrosides, we speculate that mogrosides might be 
hydrolyzed extracellularly, or catalyzed by glycosidase 
on the cell membrane. Mogrol would then cross the cell 
membrane passively and act in the cytoplasm as an 
exogenous antioxidant, scavenging ROS and lowering the 
oxidative stress level. In our experiment, the fact that 
mogroside treatment significantly lowered intracellular 
ROS concentration supports this hypothesis. 

One molecule of mogroside V, when fully hydrolyzed, 
produces five molecules of free glucose. In this study, we 
used 1 mM mogrosides, which might be equivalent to 
5 mM glucose. Glucose entering pancreatic p cells 
through GLUT2 is independent of insulin (19) and this is 
part of the "glucose-sensing" mechanism of pancreatic p 
cells. Excessive glucose impairs insulin secretion and 
survival of pancreatic p cells due to glucotoxicity, in which 
oxidative stress plays an important role. Insulinoma cell 
lines commonly show reduced insulin secretion and 
reduced survival after prolonged exposure to high con- 
centrations of glucose (12). In this study, after 48 h 
mogroside treatment, NIT-1 showed significant reductions 
in expression of GLUT2 and pyruvate kinase, but no 
difference in apoptosis rate compared to the blank control 
group was observed, suggesting that mogrosides might 
exhibit their protective effect by delaying the onset of the 
adverse effects of glucose, despite the presence of more 



than 25 mM glucose in the culture medium. In the 
presence of palmitic acid, mogrosides restored GLUT2 
and pyruvate kinase expression possibly by reducing 
intracellular ROS, suggesting the possible involvement of 
oxidative stress induced by the FOXOI activation path- 
way. By reducing ROS, mogrosides might inhibit the 
activation of signal transduction pathways and help 
pancreatic p cells to survive in a high glucose or high 
fatty acid environment. However, we did not observe an 
anti-apoptosis effect of mogrosides on NIT-1 cells treated 
with palmitic acid. We even observed a slight trend 
towards a pro-apoptosis effect. This might be explained, 
in part, by glucolipotoxicity that is not related to oxidative 
stress. Although mogrosides efficiently reduced intracel- 
lular ROS produced by metabolism of excess fatty acids 
and glucose, they might not prevent damage caused by 
metabolites produced during the process, for example 
advanced glycation end-products (20) or ceramine (21). 
These substances could induce apoptosis and other 
functional disorders in pancreatic p cells. 

Questions for future study 

In this study, because of limited experimental 
resources, we only evaluated intracellular ROS concen- 
trations and expression of genes involved in glucose 
metabolism. Whether activation of the JNK pathway and 
FOX01/PDX1 translocation into the nucleus contribute to 
this process remains unclear. The reason why mogro- 
sides fail to decrease the apoptosis rate will be further 
explored. Dose-dependent effects of isolated mogrol and 
the hydrolyzed products of mogrosides also need further 
investigation. Mogrosides can lead to increases in super- 
oxide dismutase and other anti-oxidant enzymes (2), but 
the mechanisms have not been reported. Mogrosides 
might affect mitochondrial glucose and fat metabolism, 
and change the process of oxidative phosphorylation, 
thus producing ROS. It has been reported that the 
expression of mitochondrial uncoupling protein 2 (UCP2) 
in pancreatic p cells is increased under hyperlipidemia 
(22). Whether mogrosides affect UCP2 expression levels, 
thereby changing the pancreatic p cells intracellular ROS 
levels, and thus improving pancreatic p cell insulin 
secretion function in high glucose and high lipid environ- 
ments (23), needs to be addressed in further experiments. 

In addition to their antioxidant activity, a novel effect of 
mogrosides on pancreatic p cells has also been reported. 
Recently, hydrolyzed mogrosides were reported to acti- 
vate AMPK (24). The process might contribute to 
upregulation of genes related to glucose metabolism 
and restore normal insulin secretion function in pancreatic 
P cells. Mogrosides might interact with intracellular 
receptors to achieve their effects shown in diabetes 
animal models. Many genes are involved in glucose 
metabolism (7) and lack of analysis of a large number of 
genes is one limitation of this study. To fully understand 
the anti-diabetes activity of mogrosides, all aspects 
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mentioned above should be studied in depth in future 
research. 

Conclusion 

Palmitic acid increased intracellular ROS in insuli- 
noma NIT-1 cells, while mogrosides exhibited antioxidant 
activity and reversed the ROS level. Mogrosides pro- 
tected NIT-1 cells from palmitic acid-induced dysfunction, 
possibly through reducing gene expression of GLUT2 and 
pyruvate kinase. Mogrosides might interfere with oxidative 
stress-induced FOXOI activation, which was caused by 
oxidants and ROS produced during metabolism of excess 
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